SUMMARY The effect of coronary artery bypass grafts on left ventricular performance was evaluated by analyzing preoperative (preop) and postoperative (postop) biplane left ventriculograms of 37 patients who were restudied at a mean of 13 months after operation. Eighty-two percent of the grafts were patent. Segmental wall shortening and segmental shortening velocities (mea Vcf) in the anterior, inferior and lateral regions of the left ventricle were compared in four groups: 1) regions with patent grafts and normal preop shortening, 2) regions with patent grafts and preop asynergy, 3) regions with occluded grafts and 4) ungrafted regions. In the 38 regions with preop normal shortening and patent grafts, shortening and shortening velocities were unchanged postop. In the 13 regions with preop asynergy and patent grafts, % shortening increased 22 + 8 (P < 0.01) and mean Vd, increased 0.82 ± 34 lengths/sec, (P < 0.025). In the 13 regions with occluded grafts, % shortening decreased 6 ± 3 (P < 0.05) and mean Vcf decreased 0.24 ± 0.11 lengths/sec (P < 0.025). In the 28 regions which were ungrafted, there was no change in shortening, while mean V,r decreased 0.56 ± 0.22 lengths/sec (P < 0.025). The effect of bypass grafts on global ventricular performance as measured by the ejection fraction (EF) was examined in patients with all patent grafts and normal preop wall motion, patients with all patent grafts and preop asynergy, patients with one or more occluded grafts and all patients combined. In the 11 patients with all patent grafts and normal preop wall motion, the EF was unchanged (0.74 0.03 preop and 0.71 0.02 postop; P = NS), while the EF increased in the 11 patients with all patent grafts and preop asynergy (0.53 ± 0.02 preop and 0.65 ± 0.05 postop; P < 0.05). In the 11 patients with one or more occluded grafts, the EF decreased (0.67 ± 0.04 preop and 0.57 ± 0.03 postop; P < 0.05). The mean EF did not change in the entire group (0.65 ± 0.02 preop and 0.64 ± 0.02 postop; P = NS). We conclude that patent coronary artery bypass grafts are associated with maintenance of myocardial function in patients with normal preop ventricular function. In patients with depressed ventricular performance, patent grafts result in improvement of regional and global function while occluded grafts result in depression of regional and global performance.
THE RELIEF OF ANGINA PECTORIS after coronary artery bypass surgery is now well-documented.1-3 Although symptomatic improvement is a therapeutic goal, assessment of patient symptoms remains subjective, and there is poor correlation of symptoms with objective parameters of myocardial blood flow and ventricular performance in patients with coronary artery disease. The question of whether surgery ultimately improves patient longevity is currently under study. It is known that the state of left ventricular function is a potent predictor of patient survival for patients with coronary artery disease.4'5 Therefore, the effects of coronary bypass surgery upon left ventricular function may have important implications for patient longevity.
This study tested the hypothesis that patent grafts improve regional and global left ventricular function in patients who have depressed left ventricular function preoperatively. This was accomplished by a biplane, multiple frame, computer-based analysis of left ventriculograms both before and after operation. This analysis provided a quantitative profile of ventricular volumes, wall shortening and shortening velocities of the three regions supplied by each major coronary vessel.
Methods Patient Population
Two hundred nineteen consecutive patients with angina and coronary artery disease who underwent cardiac catheterization and aortocoronary bypass grafting at Temple University Hospital were selected for study.
Eight patients were catheterized within six months after operation because of recurrent chest pain. All patients were asked to return for repeat catheterizations approximately one year after operation. Thirtythree additional patients agreed to return, while the remaining patients either declined a repeat catheterization or died. Informed consent was obtained from all patients. Of these 41 patients, three had ventricular aneurysmectomies and one had a mitral valve replacement. The remaining 37 patients constituted the study group of nine women and 28 men. Their ages ranged from 31-72 years, with a mean of 53 + 1.5 years. All patients had angina before operation. Eighty-four vessels in these 37 patients contained significant stenoses and 77 of these vessels received a bypass graft. Ten patients received one graft; 15 patients received two grafts; 11 patients 63 VOL 58, No 1, JULY 1978 received three grafts; and one patient received four grafts. Following operation, 27 of the 37 patients were angina-free, while 10 patients continued to have chest pain.
Data Acquisition
All patients underwent cardiac catheterization in the fasting state while mildly sedated with diazepam. In patients receiving propranolol therapy, the drug was discontinued at least 48 hours before the catheterization. The preoperative study was performed within one month of operation and the postoperative study was performed until 24 months (13 ± I month) after operation. The preoperative study was performed using the transbrachial technique, and the postoperative study was performed using the transfemoral technique. Aortic and left ventricular pressures were measured using Statham P-23 Db transducers with pressures referenced to atmospheric pressure 5 cm below the sternal angle. The left ventricular end-diastolic pressure was measured following the a wave and averaged over one respiratory cycle. The heart rate was measured during ventriculography.
Biplane left ventriculography was performed using a biplane Siemen's 10-6 in image intensifier system and recorded on 35 mm film at 60 frames/sec. A power injection into the left ventricle using 30-50 ml of Renografin 76 was made through a multihole catheter placed retrogradely across the aortic valve. The simultaneous electrocardiogram was recorded with a cinetrace in the upper left hand corner of the film. Twenty-seven patients had biplane 30°right anterior oblique ventriculography, and 10 patients had monoplane 30°right anterior oblique ventriculography. In all patients, left ventriculography preceded coronary angiography. Calibration of the ventricular image size was made using either a 10 cm grid or a 6.6 cm ball filmed at the level of the left ventricle with the same tube to image intensifier distance used during ventriculography. Selective coronary and graft cineangiograms were recorded in multiple projections.
Data Analysis
Frame-by-frame biplane analysis was performed using a digital plotting table connected on line to a PDP-9 digital computer. The images were displayed side by side on the plotting table by two overhead projectors which allowed the investigator to scan the biplane ventricular images ( fig. 1) . The apex and midpoint of the aortic valve of each projection were identified and a long axis determined. As the outlines were scanned, position coordinates of the endocardial surface were transferred to the computer and stored on digital magnetic tape for analysis. During the scanning of one biplane image, the long axis was divided by the computer into 50 equal segments, and 50 diameters perpendicular to the long axis were constructed. The distance from the long axis to the endo- Left ventricular volumes were calculated using Simpson's rule applied to the 50 equidistant diameters constructed perpendicular to the long axis as described above. Based on the analysis of seven human left ventricular casts, the volumes were corrected according to the formula Va = Vx (1.028) -7.937, where Va = actual volume and Vx = calculated volume. In the single plane studies, the 50 diameters from the right anterior oblique images were used.
Regional ventricular analysis was performed on the anterior and inferior surfaces of the right anterior oblique projection and the lateral surface of the left anterior oblique projection, corresponding to the distribution of the three major coronary arteries. The anterior wall was considered to correspond to the left anterior descending artery distribution; the inferior region to the right coronary artery distribution, in a right dominant system; and the lateral region to the circumflex marginal artery distribution. In the case of a left dominant system, the inferior region was considered to be in the distribution of the circumflex coronary artery. For the regional wall motion analysis, the superior 9 and inferior 8 of the original 50 hemisegments were deleted. The remaining 33 hemisegments were consolidated into 11 by successively averaging every three of the hemisegments ( fig.  1 ). The 11 hemisegments identifying each region were averaged to give a mean hemisegment length. The computer was programmed to calculate the hemisegment length for each frame analyzed, to find end diastolic hemisegment (longest) length and the end systolic hemisegment (shortest) length. Using the Selective coronary and graft cineangiography were evaluated and the severity of a stenosis was graded by the estimated smallest diameter from multiple projections. The native circulation was evaluated for changes in the original lesions and the appearance of new stenoses. Grafts were evaluated for patency, narrowing and the presence of disease distal to the insertion of the graft. Preoperative and postoperative regional wall motion, as measured by percent shortening and by mean wall shortening velocity, were compared in four groups: 1) 38 regions with patent grafts and normal preoperative regional wall motion as judged qualitatively from the ventriculogram, 2) 13 regions with patent grafts and preoperative asynergy as judged qualitatively from the ventriculogram, 3) 13 regions with occluded grafts and 4) 28 regions that received no grafts. The preoperative and postoperative left ventricular end-diastolic pressure, mean aortic pressure, heart rate, left ventricular end-diastolic volume index and ejection fraction were compared in four groups: I) all 37 patients combined, 2) 11 patients with preoperative normal ventricular function and patent grafts, 3) 12 patients with preoperative asynergy and patent grafts and 4) 11 patients with one or more occluded grafts.
The paired t test with n-1 degrees of freedom was used for statistical analyses. Group data are expressed as mean ± SEM.
Results
A summary of individual patient data is provided in table 1.
Electrocardiographic Changes and Graft Patency
Seven patients had preoperative resting electrocardiograms diagnostic of old myocardial infarctions. One of the 37 patients (2.7%) developed new Q waves diagnostic of myocardial infarction in the postoperative period.
Sixty-two of 77 grafts (82%) were patent at the time of the postoperative study. Seven of the 62 patent grafts had an area of 50% or greater narrowing. Since the efficacy of the stenotic grafts was uncertain, the regions supplied by these grafts were not included in the analysis of wall motion or ventricular volumes. Twenty-seven out of 30 (90%) of the left anterior descending grafts, 23 out of 30 (77%) of the right coronary grafts, and 13 out of 17 (77%) of the circumflex grafts were patent.
Hemodynamic Findings (table 2) In the 22 patients with all grafts patent and the 11 patients with one or more occluded grafts, there was no change in either the heart rate or the mean aortic pressure from the preoperative to the postoperative study.
In the 22 patients with patent grafts, the left ventricular end-diastolic pressure increased from 8 ± 1 mm Hg preoperatively to 11 ± 1 postoperatively (P < 0.05). In the 11 patients with one or more occluded grafts, the left ventricular end diastolic pressure increased from 8 ± 1 mm Hg to 11 ± 1 mm Hg (P < 0.05). These changes, while statistically significant, were small, and the left ventricular end-diastolic pressure remained in the normal range postoperatively in both groups. fig.  3 ).
In the 13 regions with preoperative asynergy and patent grafts, there was an increase in percent shortening from 12 ± 8 preoperatively to 36 + 8 postoperatively (P < 0.01, fig. 2 ), and there was an increase in mean VCf from 0.46 ± 0.2 lengths/sec preoperatively to 1.29 ± 0.37 lengths/sec postoperatively (P < 0.025, fig. 3 ).
In the 13 regions with occluded grafts, there was a decrease in percent shortening from 43 ± 4 preoperatively to 37 ± 5 postoperatively (P < 0.05, fig. 2 ), and a decrease in mean V, from 1.43 ± 0.14, lengths/sec preoperatively to 1.19 ± 0.14 lengths/sec postoperatively (P < 0.025, fig. 3 ).
In the 28 regions where no grafts were placed, percent shortening was unchanged, measuring 43 i 3% preoperatively and 40 ± 4% postoperatively (P = NS, fig. 2 ). Mean VCf decreased from 1.90 ± 0.22 lengths/sec preoperatively to 1.33 ± 0.13 lengths/sec postoperatively (P < 0.025, fig. 3 ).
Left Ventricular Volumes
In all 37 patients, the left ventricular end-diastolic volume index remained unchanged, averaging 82 ± 4 ml/m2 preoperatively and 80 ± 3 ml/m2 postoperatively (P = NS). Similarly, in the subgroups of 11 patients with patent grafts and preoperative normal wall motion, 11 patients with patent grafts and preoperative asynergy, and 11 patients with one or more occluded grafts, there was no significant difference between the preoperative and postoperative end-diastolic volume. Left Ventricular Ejection Fraction ( fig. 4 ) tive ventricular function, there was no change in the ejection fraction, averaging 0.74 ± 0.03 preoperaIn the entire group of 37 patients, there was no tively and 0.71 ± 0.02 postoperatively. In the 11 change in the ejection fraction, averaging 0.65 ± 0.02 patients with patent grafts and preoperative asynergy, preoperatively and 0.64 ± 0.02 postoperatively. In the the ejection fraction increased from 0.53 ± 0.02 11 patients with patent grafts and normal preoperapreoperatively to 0.65 ± 0.05 postoperatively FIGURE 2. The effect ofgraft patency on regional shortening expressed as a change in percent shortening between the preoperative and postoperative study. The regions with patent grafts were divided into those which were normal and those which were asynergic preoperatively. Units are in percent of end-diastolic length.
Third, single plane, right anterior oblique ventriculographic studies do not assess all regions of the ventricle, particularly the lateral wall which is supplied by the circumflex coronary artery. Biplane ventriculographic studies in patients with coronary artery disease provides a more comprehensive assessment of ventricular function than can be derived from single plane studies alone.'0 11 The biplane analyses performed in 27 of 37 patients in this study gives a com- -2_ FIGURE 3. The effect ofgraft patency on mean shortening velocity (VCf) expressed as a change between the preoperative and postoperative study. The regions with patent grafts were divided into those which were normal and those which were asynergic preoperatively. Units are in muscle lengths/sec. plete profile of ventricular function in a majority of the patients.
Fourth, the left ventricular contractile state may vary with the timing of the postoperative ventriculographic study. It has been suggested that the increased stress and sympathetic tone in the early postoperative period may result in increased left ventricular contractility and function.6' This study has circumvented this potential effect by performing the postoperative study an average of 13 months following operation.
The data presented relies on the accuracy of the method for assessing regional function. It has been suggested that the hemisegment length analysis not only measures shortening in the region of interest but may be influenced significantly by shortening of surrounding myocardium. Although this may occur, the averaging of several hemisegment lengths from a single region as performed in this investigation minimizes the influence of any discordant shortening changes on the borders of the region. Hugenholtz et al. have suggested that the angiographic methods for quantification of regional wall motion are only marginally useful when applied to patients with coronary artery disease since it is difficult to obtain truly comparable films and the data is internally inconsistent.'2 This has not been a problem in our study, since we have made special efforts to maintain uniform film quality, taken special care in performing the left ventriculogram so that adequately opacified and arrhythmia-free beats were obtained, and the exact degree of rotation was duplicated on each study. The inconsistency of the data was eliminated by the same computer-based mathematical techniques on all ventriculograms. We have measured both the interobserver and intra-observer variation and found that the data is reproducible within the limits necessary to assess regional wall motion. ' durability. The majority of patients achieve significant functional improvement after replacement of their aortic valves with this prosthesis. As shown in figure 1 , the valve creates two regions of unequal flow. In the past few years several reports6 15 have described massive thrombosis with the use of this valve, especially in patients who were not receiving anticoagulation therapy. A ring-shaped radiopaque marker has recently been incorporated into the disc to assist in diagnosing this problem.'1 In this present work thrombus formation was also observed along with tissue overgrowth around the perimeter of the minor outflow region, which further reduced the flow in this area.
The present article reports two studies: 1) clinical pathology findings of recovered Bj.ork-Shiley aortic prostheses and 2) in vitro measurements of velocities in the near vicinity of a normally functioning and a partially occluded ( fig. 2 ) Bjork-Shiley valve. Correlation of these studies is unique and very useful in understanding why and where thrombus formation and tissue overgrowth occur.
Methods
Clinical Pathology Findings Seventeen Bjork-Shiley aortic prostheses were examined, 16 at autopsy and one after surgical removal. In eight patients the implant duration was less than one month. The other nine patients had un-70 CIRCULATION
